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R663late 1990s, in particular through the
progress in molecular sequence-based
phylogenetics. Despite some
methodological reservations, these
molecular approaches provided
increasingly strong support for
cyclostome monophyly [12,13]
(Figure 1A). Perhaps the most
convincing evidence for this came
from the analysis of microRNAs
(miRNAs) [14], which provided
evidence for strong cyclostome
phylogenetic ‘signatures’. In addition,
miRNA expression in various organs of
gnathostomes and lampreys indicated
that the latter may have lost many
phenotypic traits since the two groups
diverged, between 360 million years
ago at the latest, and probably much
earlier, about 500 million years ago.
Although expression of these
miRNAs could not yet be studied in
hagfish embryos [15], these new data
strongly support the hypothesis that
cyclostome ancestors were probably
more complex than the living forms
[14]. Recently, Ota et al. [4] have
revisited the question of the alleged
lack of vertebral elements in the hagfish
Eptatretus burgeri. They investigated
a series ofminute cartilaginous nodules
that line the notochord ventrally in the
caudal region of the embryo and had
been mentioned long ago but
overlooked since [16]. These nodules
form from mesenchyme of the
ventromedial part of the somites, which
express Pax 1/9 and Twist genes.
Homologues of these genes are
expressed in the corresponding part of
the sclerotomes in jawed vertebrates,
from which the ventral elements of the
vertebral column arise — that is, the
basiventrals and interventrals that
persist in the adults of most early
gnathostomes. This is strong evidence
for the homology of these elements
between hagfish and gnathostomes
Yet, unlike lampreys and
gnathostomes, hagfishes show no sign
of corresponding dorsal elements.
Therefore, Ota et al. [4] suggest that
both the dorsal and ventral series
of vertebral elements were initially
present in the common ancestor of
all vertebrates, with the dorsal one
having been lost in hagfishes, and
the ventral one in lampreys.
Among fossil jawlessvertebrates, only
the 380 million year-old Euphanerops
(Figure 1B,C) seems to display dorsal
and ventral series of vertebral elements.
Its dorsal elements strikingly resemble
the basidorsals and interdorsals oflampreys, with the ventral ones
extending ventrally to partly surround
the dorsal aorta, as also observed in
the hagfish embryo [4,17]. Contrary to
‘ostracoderms’,Euphaneropsproduced
no bone, and all the skeletal elements
observed in large individuals are still
preserved because they consist of
calcified cartilage (Figure 1B). Its head
also displays a peculiar ring-shaped
cartilage, which is suggestive of the
annular cartilage that arms the oral disc
of lampreys (Figure 1C). This cartilage
is practically the only character of
Euphaneropswhich suggests a
relationship with lampreys, except for
a vaguely similar overall body shape.
However, the structure of its axial
skeleton is strikingly similar to that
suggested by Ota et al. [4] for the last
common ancestor of vertebrates.
The phylogenetic relationships of
Euphanerops are still obscure, but
it is tempting to consider it as either
an early lamprey relative or a stem
cyclostome. Whether cyclostomes are
monophyletic or paraphyletic, their
stem, or that of either hagfishes or
lampreys, is still out of reach for
palaeontologists. Thus, any
developmental data, such as those
provided by Ota et al. [4], will be
invaluable for comparative anatomists
whose goal is to elucidate vertebrate
phylogeny and reconstruct the
vertebrate ancestor.
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Unstable Filaments On the MoveA key question in cell biology is how proteins and entire protein complexes
localize to defined subcellular positions in non-compartmentalized cells or
within cell compartments. A recent report involving computational modeling
and live-cell imaging suggests that dynamically unstable protein filaments
provide an adaptable and versatile positioning system.Peter L. Graumann
The number of examples of proteins
and organelles that are positioned inthe cell centre in bacterial or eukaryotic
cells is growing — e.g. the nucleus
in fission yeast [1,2], the replication
machinery in Bacillus subtilis [3] and
Figure 1. Live-cell imaging of an artificial DNA positioning system.
Time-lapse microscopy (images are taken within 7 sec intervals) of Alf7a–GFP filaments
(green) moving a cluster of mini-pLS20 plasmids (blue) around the cell. Images run from top
left to bottom right. The outline of the cell is indicated by the white oval, the cell is about
4 mm long. (The figure comprises stills of a movie provided by Joe Pogliano.)
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Rhodobacter spheroides [4].
Conversely, the membrane-anchored
chemotaxis cluster in Escherichia coli
and the B. subtilis DNA uptake and
recombination machinery are located
at a single cell pole [5–7]. Intriguingly,
a variety of bacterial plasmids with low
copy number (one to three) are found
at the cell centre or — after their
duplication and segregation — at
or close to both cell poles [8].
Diffusion–capture within the
membrane at the highly curved cell
pole has been speculated to provide
a positioning mechanism [9], but this
concept cannot apply to soluble
proteins or plasmids lacking an
additional membrane adaptor.
Moreover, some polar protein
assemblies have been shown to be
highly stable (over several cell
generations) [10,11], suggesting that
active mechanisms rather than
diffusion–capture must drive specific
localization. In a recent paper, Purdy
Drew and Pogliano [12] report an
in vivo and in silico analysis of an
artificial plasmid system that is
segregated via the actin-like protein
Alf7a and provide insights into
filament-based positioning
mechanisms.
The authors found that the
conjugative plasmid pLS20 is
positioned close to the cell poles by
Alf7a filaments that extend between
duplicated plasmid copies in the
centre of rod-shaped B. subtilis cells.
Growing filaments push plasmidsaway from the centre but are
intrinsically unstable and undergo
catastrophic decay, whereby they
shrink due to depolymerization and
then undergo another round of
extension [13]. This simple
segregation machinery is similar to the
well-understood ParM mechanism, in
which actin-like ParM interacts with
a DNA-binding protein covering
a partitioning site on the duplicated
plasmids that are moved polewards
through the extension of a double-
helical ParM filament [8,14,15].
Through a genetic trick, Purdy Drew
and Pogliano [12] glued mini-pLS20
plasmids together, preventing
segregation. Interestingly, one or two
dynamic Alf7a filaments (or possibly
bundles of filaments) extended away
from the clustered plasmids and
moved these around the bacterial cells
by pushing against the membrane or
cell wall at the cell poles. The net result
was centering of plasmids (Figure 1),
which could be recapitulated by
modeling, taking into account Alf7a
polymerization/depolymerization
rates, catastrophe frequency and
maximal filament length determined by
live-cell imaging [12].
Plasmid positioning was dependent
on dynamic instability as well as on
cell length. In small cells, continuous
rounds of Alf7a polymerization and
depolymerization moved plasmids
from one pole to the other and back by
pushing against the opposite cell pole
(Figure 2A), whereas in larger cells
plasmids were positioned around thecell centre because filaments rarely
extended up to the cell pole
(Figure 2B). When cells became larger
than twice the maximal filament
length, the bipolar filaments could not
reach the cell pole and, consequently,
plasmid centering was much less
precise. Again, computational
modeling could explain this behavior
solely based on dynamic instability
parameters of protein filaments and on
filament length, which in turn depends
on Alf7a concentration. Interestingly,
the proposed model was extended to
the natural Alf7a and ParM segregation
systems and to nuclear centering in
fission yeast. Using published data on
filament length, simulations showed
that when filaments are much longer
than cell length (as for ParM and
Alf7a), polar positioning occurs, as
seen for segregation systems
(Figure 2A); however, in systems in
which cell length surpasses the
average filament length of tubulin,
such as Schizosaccharomyces
pombe, central positioning is
predominant (Figure 2B).
These findings are highly relevant
to other positioning systems, such as
the ParA plasmid segregation system,
which appears to segregate plasmids
along the bacterial chromosome that
is generally compacted towards the
cell centre (called the nucleoid) [8], or
the related Min system that positions
a cell-division inhibitor at the cell pole.
In this latter system, MinD oscillates
between both cell poles, generating
a polar gradient that leaves the cell
centre free for the formation of the
division machinery [16,17]. ParA
filaments may use the nucleoid as an
anisotropic matrix to move plasmids
towards nucleoid ends (be it via
pushing or pulling), while MinD
filaments may be extremely long and
thereby generate polar oscillation
based on dynamic instability. Also,
the actin-like MreB protein, which is
essential for cell-shape maintenance,
cell viability and polar positioning of
proteins in many bacteria [18], has
been shown to be dynamically
unstable and to undergo catastrophe
[19,20] and may thereby generate
positional effects in rod-shaped or
helical bacteria, i.e. in anisotropic
systems. Thus, dynamically unstable
protein filaments can provide a means
to position proteins or DNA at the cell
centre or the cell poles: for prokaryotic
as well as eukaryotic cells, knowledge
of the polymerization and dynamic
Figure 2. Models for the positioning of DNA or proteins via dynamically unstable filaments.
(A) A polar positioning model, shown for a single object and two bipolar filaments. A system
with a single filament would simply lack the other filament but would polymerize/depolymerize
at one side and then at the other side of the interacting object. LF = average length of filament,
LC = length of cell. (B) Centering through two bipolar filaments or one filament (not shown),
ideally, LFz ½ LC. (C) Segregation through a longer filament stabilized between two plasmids.
The yellow box represents the object that has affinity for the filamentous protein, which adds
to the filament in one conformation (e.g. ATP-bound) indicated by green circles, or disassem-
bles from the filament in a second conformation (e.g. ADP bound) indicated by red circles. The
cell is outlined by the black oval.
Dispatch
R665instability parameters can be used
to predict positioning effects of
filamentous systems.
If we take into account whether a
single bipolar, two bipolar or even
more filaments extend from one DNA
molecule (or protein complex) and
whether filaments push against the wall
or extend between two plasmids (as in
natural Alf7a and ParM systems), it is
possible tomodel the outcome of these
scenarios. For example, filaments
extending from a single plasmid
molecule will predominantly centre
the plasmid at the mid-cell, depending
on filament length or monomer
concentration, whereas filaments
extending between two duplicated
plasmidswill move these apart towards
opposite cell poles (Figure 2C).
Additionally, ParA/MinD, ParM andAlfA
are all ATPases, so modulation of ATP
turnover will also have a strong
influence on filament dynamics. Thus,dynamically unstable filament systems
are tunable; these systems can centre
single objects but separate a
duplicated object, which is exactly
what is observed with ParA and ParM
plasmid segregation systems. All that
is required for the efficient positioning
of even very large biological objects is a
dynamically unstable filament-forming
protein and an adaptor protein for
a DNA or protein molecule/complex.
This author agrees with Purdy Drew
and Pogliano [12] that dynamic
instability systems may be very useful
tools in synthetic biology.References
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